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In the standard model the rate of the pi0, η, η′, KS,KL → νν decays is predicted to be extremely
small. Therefore, an observation of any of these mesons (M0) decaying into an invisible final state
would unambiguously signal the presence of new physics. The Bell-Steinberger relation connects
CP and CPT violation in the mass matrix to CP and CPT violation in all decay channels of neutral
kaons. It is a powerful tool for testing CPT invariance in the K0 − K
0
system, assuming that
there are no significant undiscovered decay modes of either KS or KL which could contribute to the
precision of the results. The KS,KL → invisible decays have never been tested and the question
of how much these decays can influence the Bell-Steinberger analysis of the K0 −K
0
system still
remains open. In the present work we propose a new experiment to search for the M0 → invisible
decays which aims at probing new physics and answering this question. The experiment utilizes
high-energy hadronic beams from the CERN SPS and the charge-exchange reactions of pions or
kaons on nucleons of an active target, e.g. pi−(K−) + p → M0 + n, as a source of the well-tagged
M0s emitted in the forward direction with the beam energy. If the decay M0 → invisible exists,
it could be observed by looking for an excess of events with a specific signature: the complete
disappearance of the beam energy in the detector. This unique signal of M0 → invisible decays
allows for searches of the decays KS,KL → invisible with a sensitivity in the branching ratio
Br(KS(KL) → invisible) . 10
−8(10−6), and pi0, η, η′ → invisible decays with a sensitivity a few
orders of magnitude beyond the present experimental limits. This experiment is complementary to
the one recently proposed for the search for invisible decays of dark photons and fits well with the
present kaon physics program at CERN.
PACS numbers: 14.80.-j, 12.60.-i, 13.20.Cz, 13.35.Hb
I. INTRODUCTION
Experimental studies of invisible decays, i.e. particle
transitions to an experimentally unobservable final state,
played an important role both in the development of the
standard model (SM) and in testing its extensions [1]. It
is worth remembering the precision measurements of the
Z → invisible decay rate for the determination of the
number of lepton families in the SM. In recent years,
experiments on invisible particle decays have received
considerable attention. Motivated by various models
of physics beyond the SM, these experiments include
searches for invisible decays of π0 mesons at E949 [2], η
and η′ mesons at BES [3], heavy B-meson decays at Belle
[4], BaBAR [5], and BES [6], and invisible decays of the
upsilon(1S) resonance at CLEO [7], baryonic number vi-
olation with nucleon disappearance at SNO [8], BOREX-
INO [9], and KamLAND [10], see also Ref.[11], electric-
charge-nonconserving electron decays e− → invisible
[12], neutron-mirror-neutron oscillations at PSI [13] and
the ILL reactor [14], and the disappearance of neutrons
into another brane world [15]. One could also mention ex-
periments looking for extra dimensions with invisible de-
cays of positronium [16, 17], and proposals for new exper-
iments to search for muonium annihilation into two neu-
trinos, µ+e− → νν [18], electric charge nonconservation
in the muon decay µ+ → invisible [19], and mirror-type
dark matter through the invisible decays of orthopositro-
nium in vacuum [20].
The use of the (pseudo)scalar mesons (M0), such as
π0, η, η′,KS, and KL, to search for new physics by look-
ing for their decays into invisible final states is advan-
tageous, because in the standard model the rate of the
π0, η, η′,KS,KL → νν decays is predicted to be ex-
tremely small. For massless neutrino the decayM0 → νν
is forbidden kinematically by angular momentum conser-
vation. Indeed, in the M0 rest frame the neutrinos pro-
duced in the decay fly away in opposite directions along
the same line. Since the neutrinos and antineutrinos are
massless, the projection of the sum of their spins on this
line equals ±1. The projections of the orbital angular
momentum of the neutrino on this line are equal to zero.
Since in the initial state we have a scalar, the process is
forbidden. For the case of massive neutrinos their spins
in the rest frame must be opposite and, hence, one of the
them is forced to have the ”wrong” helicity. This results
in the M0 → νν decay rate being proportional to the
neutrino mass squared:
Γ(M0 → νν) ∼
( mν
mM0
)2
. 10−16 (1)
Thus, we see that, if the decay M0 → invisible is ob-
served it would unambiguously signal the presence of new
physics, which could be due to, e.g. the existence of a
new gauge boson with nonuniversal couplings to quarks,
or the M0 transitions into a hidden sector, or other ef-
fects [40].
Another motivation for searching for (in particular)
the KS ,KL → invisible decays is related to additional
2tests of the K0 − K
0
system using the Bell-Steinberger
relation[21]. This relation, obtained by using the unitar-
ity condition, connects CP and CPT violation in the mass
matrix of the kaon system, i.e. parameters describing T
and CPT noninvariance, to CP and CPT violation in all
decay channels of neutral kaons, see, e.g. Refs. [22–26].
We know that only CPT appears to be an exact symme-
try of nature, while C, P and T are known to be violated.
Hence, testing the validity of CPT invariance probes the
basis of the standard model. The Bell-Steinberger rela-
tion remains the most sensitive test of CPT symmetry.
For example, the analyses of the KLOE Collaboration
have reached the impressive sensitivity of −5.3 × 10−19
GeV < mK0 −mK0 < 6.3 × 10
−19 GeV at 95% C.L. for
the neural kaon mass difference [27]; see also Ref. [28].
Briefly, within the Wigner-Weisskopf approximation,
the time evolution of the neutral kaon system is described
by [27]:
i
dΦ(t)
dt
= HΦ(t) =
(
M − i
i
c
Γ
)
Φ(t) (2)
where M and Γ are 2 × 2 Hermitian matrices, which
are time independent, and Φ(t) is a two-component state
vector in the K0 −K
0
space. Denoting by mij and Γij
the elements of M and Γ in the K0 − K
0
basis, CPT
invariance implies
m11 = m22 (or mK0 = mK0) and (3)
Γ11 = Γ22 (or ΓK0 = ΓK0)
The eigenstates of Eq. (2) can be written as
KS,L =
1√
2(1 + |ǫS,L|2)
(
(1 + ǫS,L)K
0
±(1− ǫS,L)K
0
) (4)
with
ǫS,L =
1
mL −mS + i(ΓS − ΓL)/2
[
−iIm(m12)− (5)
1
2
Im(Γ12)±
1
2
(m
K
0 −mK0 −
i
2
(Γ
K
0 − ΓK0)
]
≡ ǫ± δ
The unitarity condition allows us to express the four el-
ements of Γ in terms of appropriate combinations of the
kaon decay amplitudes Ai:
Γij =
∑
f
Ai(f)A
∗
j (f), i, j = 1, 2 = K
0,K
0
(6)
where the sum is over all the accessible final states.
(ΓS + ΓL
ΓS − ΓL
+ itanφSW
)( Re(ǫ)
1 + |ǫ|2
− iIm(δ)
)
=
1
ΓS − ΓL
∑
F
AL(f)A
∗
S(f), (7)
where φSW = arctan[2(mL − mS)/(ΓS − ΓL)]. One can
see that the Bell-Steinberger relation (7) relates a pos-
sible violation of CPT invariance (mK0 = mK0 and/or
ΓK0 = ΓK0) in the K
0 − K
0
system to the observable
CP-violating interference of KS and KL decays into the
same final state f . If CPT invariance is not violated, then
Im(δ) = 0. We stress that any evidence for Im(δ) 6= 0 re-
sulting from this relation can only manifest the violation
of CPT or unitarity [23].
Generally, the advantage of the neutral kaon system
is attributed to the fact, that only a few (hadronic) de-
cay modes give significant contributions to the rhs of Eq.
(7). In particular, it is assumed that there are no signif-
icant contributions from invisible decay modes of either
KL or KS which, however, have never been experimen-
tally tested. Therefore, the contribution from these de-
cay modes and how much the errors on Re(ǫ) and Im(δ)
would increase if the invisible modes have maximal CP
violation are still open questions, see, e.g., Ref.[29]. As
long as these questions are not answered experimentally,
further tests of CPT symmetry via Bell-Steinberger rela-
tions remain important.
In order to estimate the contribution from the
KS,KL → invisible decay to the right-hand side of
Eq.(7) one can follow the same procedure used by the
KLOE Collaboration for the estimation of the contribu-
tion from the KL,KS → π
0π0π0 channel to Eq.(7) [27].
For invisible states we define
αinv ≡
1
ΓS
< AL(inv)A
∗
S(inv) >= (8)
τKS
τKL
η∗invBr(KL → invisible)
where ηinv coefficient is the AL(inv), AS(inv) amplitude
ratio. As there is no experimental limit on η∗inv it would
be more convenient to set a bound on |αinv| by using the
relation
|αinv|
2 =
τKS
τKL
Br(KL → invisible)Br(KS → invisible)
(9)
and experimental constraints on the rate of KS,KL →
invisible decays (derived below). Equation (9) is based
on the assumption that the KL(KS) → invisible de-
cay mode is dominated by a single CP -conserving (-
violating) amplitude. Note that all quantum numbers
of the invisible final state have to be equal between KL
and KS decays in order to allow for interference between
two amplitudes on the right-hand side of Eq.(7).
If the decays KS ,KL → invisible exist they will con-
tribute to the total KL,KS decay rate
ΓKL(KS) =
∑
i
Γi(KL(KS)→ visible) (10)
+Γ(KL(KS)→ invisible)
resulting in
∑
i
Bri(KL(KS)→ visible) < 1 (11)
3In order to obtain bounds on the branching fraction
Br(KL(KS) → invisible), to estimate the allowed ex-
tra contribution of KS ,KL → invisible decays to Eq.
(10), and to derive a limit on |αinv|
2, we use the results
of the most precise measurements of the branching frac-
tions of the visible KS, KL decay modes from Particle
Data Group PDG [1]. Summing up all measured branch-
ing fractions, we get
∑
i
Bri(KS → visible) = 1.00068± 0.00048 (12)
and
∑
i
Bri(KL → visible) = 1.00032± 0.00058 (13)
resulting, respectively, in
Br(KS → invisible) < 1.1× 10
−4, ( 95% C.L.), (14)
and
Br(KL → invisible) < 6.3× 10
−4, ( 95% C.L.). (15)
Using for the KS and KL lifetime the averages τKS =
0.08958±0.00006 ns and τKL = 51.16±0.2 ns, we obtain
|αinv | < 2.8× 10
−5, ( 95% C.L.). (16)
Note that the averages and errors for the branching frac-
tions for the visible KS , KL decay modes were obtained
by PDG with a fit procedure. For comparison, we also try
to estimate |αinv | by using results from direct measure-
ments of Bri(KS(KL) → visible), obtained mostly by
the KLOE and NuTeV Collaborations [1]. For the KS
and KL lifetimes quoted above the new limit on |αinv| is
similar to the one from Eq.(16) within a factor of 2.
It is interesting to compare these results with the limit
on the contribution of the 3π0 decay modes to the Bell-
Steinberger relation derived by the KLOE Collabora-
tion, |αpi0pi0pi0 | < 7 × 10
−6 at 95% C.L. [27]. It should
be noted, that KS,KL decay parameters from the de-
cay channels with the branching ratio Br(KS → f) =
Γ(KS → f)/ΓS & 10
−5 and Br(KL → f)ΓL/ΓS & 10−5
are within the present accuracy of Eq.(7) and contribute
to the Bell-Steinberger analysis of the kaon system [23].
Therefore, an improvement of the bounds of Eq.(14 and
15) by at least an order of magnitude is necessary in order
to agree with the present accuracy of Eq.(7). The decay
mode that gives the largest contribution to the precision
of the Bell-Steinberger analysis at the level O(10−5) is
now KL → π
+π− through the uncertainty on the phase
φ+− [27].
One of the aims of this work is to show that the
limits of Eqs.(14,15) can be significantly improved by
the proposed experiment that would search for the still
unexplored decay modes KS,KL → invisible with a
high-energy K± beam at the CERN SPS. The expected
sensitivity in the branching fraction is Br(KS(KL) →
invisible) . 10−8(10−6). The experiment is also capa-
ble of a sensitive search for π0, η, η′ → invisible decays
and could improve the existing limits by more than an
order of magnitude. The rest of the paper is organized as
follows. The method of the search and the experimental
setup are described in Sec. II, the background sources
are discussed in Sec. III, and the expected sensitivity for
the decayM → invisible is presented in Sec. IV. Section
V contains concluding remarks.
II. AN EXPERIMENT TO SEARCH FOR
pi0, η, η′,K0 → invisible DECAYS
The detector specifically designed to search for the
π0, η, η′,KS,KL → invisible decays is schematically
shown in Fig. 1. This experimental setup is complemen-
tary to the one recently proposed for the search for invis-
ible decays of dark photons at the SPS at CERN [31, 32].
The experiment could employ, e.g., the H4 hadron beam,
which is produced in the target T2 of the SPS and trans-
ported to the detector in an evacuated beamline tuned to
a freely adjustable beam momentum from 10-300 GeV/c
[30]. The typical maximal beam intensity at ≃ 50-100
GeV, is of the order of ≃ 107 π± and ≃ 106 K± for
one SPS spill with 1012 protons on target. The typical
SPS cycle for fixed-target (FT) operation lasts 14.8 s, in-
cluding 4.8 s spill duration. The maximal number of FT
cycles is four per minute. The beam has high purity: the
admixture of the other charged particles is below 10−2.
The beam can be focused onto a spot of the order of a
few cm2.
We first consider the experiment that would search
for the KS,KL → invisible decays. The method of the
search is as follows. The source ofK0(K
0
)s is the charge-
exchange reaction of high-energy kaons on nucleons of an
active target
K− + p→ K
0
+ n, or
K+ + n→ K0 + p (17)
where the neutral kaon is emitted mainly in the forward
direction with the beam momentum and the recoil nu-
cleon carries away a small fraction of the beam energy.
Further, we will assume no difference between these two
reactions. The invisible decay K0 → invisible is ex-
pected to be a very rare event which occurs with a rate
much smaller than the total K0 production rate. Hence,
its observation presents a challenge for the design and
performance of the detector.
The detector shown in Fig. 1 is equipped with the scin-
tillating counters S1 and S2 (which define the beam), an
active target T surrounded by a high-efficiency electro-
magnetic calorimeter (ECAL) serving as a veto against
photons and other secondaries emitted from the target
at large angles, high-efficiency forward veto counters V1
and V2, a decay volume DV, and a massive, hermetic
hadronic calorimeter (HCAL) located at the end of the
4K , 30
−100
 GeV
 
ν
ν
DV  
S1 
ST1  
HCAL  
Magnet  
ST1  
ST3  ST4  S2 
  T  
n
V1  
V2  
ECAL  
Ko
FIG. 1: Schematic illustration of the setup to search for the invisible decays of neutral kaons in the proposed experiment at
high energies. The beam of incident charged kaons is defined by the scintillating counters S1,2. The momentum of the beam
is additionally selected with a momentum spectrometer consisting of a dipole magnet and a low-density tracker, made of a
set of straw tube chambers (ST1-ST3) or Micromegas detectors. The K0s are produced in the charge-exchange reaction of
kaons scattering off nuclei in the active target T. The T is surrounded by the Veto system consisting of the electromagnetic
calorimeter (ECAL) and two high-efficiency scintillating counters V1 and V2 used against photons or charged secondaries that
could escape the target at a large angle or in the forward direction, and a massive completely hermetic hadronic calorimeter
(HCAL) to absorb the energy of all secondaries. The K0s either decay invisibly in the target, or they penetrates V1 and V2
without interactions and (as shown) decay invisibly in flight in the decay volume DV into, e.g., a pair of heavy ν, which carry
away almost all of the primary beam energy, resulting in the zero-energy signature in the detector. The recoil neutron shown
typically deposits a small amount of energy. The same setup can be used for the searches for the pi0, η, η′ → invisible decays
(see text.
setup to detect energy deposited by secondaries from
the primary interactions K±A → anything of K±s with
nuclei A in the target. For searches at low energies,
Cherenkov counters to enhance the incoming hadron tag-
ging efficiency can be used.
The reaction (17) occurs practically uniformly over the
length of the target. The fraction of the primary kaon
(pion) energy deposited in the target is used to determine
the position of the interaction vertex along the beam di-
rection. The produced K0 - composed of equal portions
of KS and KL- either decay quickly in the target T , or
penetrates the veto system without interactions and ei-
ther decays in flight in the DV or interacts in the HCAL.
If the KS and KL decay invisibly, it is assumed that the
final-state particles in this case also penetrate the rest of
the detector without prompt decay into ordinary parti-
cles, which could deposit energy in the HCAL. In order
to suppress background due to the detection inefficiency,
the detector must be longitudinally completely hermetic.
To enhance detector hermeticity, the hadronic calorime-
ter has a total thickness of ≃ 28 λint (nuclear interaction
lengths).
The occurrence of KS ,KL → invisible decays pro-
duced in K± interactions would appear as an excess of
events with a signal in the T , see Fig. 1 and zero energy
deposition in the rest of the detector (i.e. above that ex-
pected from the background sources). Thus, the signal
candidate events have the signature
SK0→invisible = T ·V1 ·V2 · HCAL (18)
and should satisfy the following selection criteria.
(i) The measured momentum of the incoming kaon
should correspond to its selected value.
(ii) The kaon should enter the target and the interaction
vertex should be localized within the target volume.
(iii) The should be no energy deposition in the ECAL
veto, V1 and V2.
(iv) The fraction of the beam energy deposited in the
HCAL modules should be consistent with zero.
The application of all the previous considerations to
the search for the decays π0, η, η′ → invisible with the
same detector is straightforward. The source of π0, η, η′
is the charge-exchange reaction of high energy pions on
nucleons of the target
π− + p→ π0, η, η′ + n, or
π+ + n→ π0, η, η′ + p, (19)
where the final-state neutral meson is emitted mainly in
the forward direction with the beam momentum and the
recoil nucleon carries away a small fraction of the beam
energy. Similar to the K-meson case, the occurrence of
π0, η, η′ → invisible decays produced in π± interactions
would appear as an excess of events with the same sig-
nature of Eq.(18), i.e. the presence of a signal in the T ,
see Fig. 1 and zero energy deposition in the rest of the
detector (i.e. above that expected from the background
sources).
In Fig.2 the expected distribution of the signal of
Eq.(18) in the HCAL is shown, i.e. the pedestal sum
over the HCAL modules, representing the signal from
an invisible final state in units of hadronic energy. The
FWHM of the signal peak is expected to be . 100 MeV.
The distribution was estimated from the real data taken
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FIG. 2: The distribution of the energy deposited in the HCAL
by traversing muons with energy Eµ = 100 GeV. The peak of
the pedestal sum over the HCAL is also shown, representing
the signal from the invisible final state in units of hadronic
energy. The FWHM of the signal peak is expected to be . 100
MeV.
at the H4 beam. The simulated distribution of the en-
ergy deposited in the HCAL by traversing muons with
energy Eµ = 100 GeV is also shown for comparison.
III. BACKGROUND
The background reactions resulting in the signature of
the process π,K+p→M0+n; M0 → invisible, see Eq.
(18), can be classified as being due to physical- and beam-
related sources. To perform a full detector simulation in
order to investigate these backgrounds down to the level
. 10−10 would require a prohibitively large amount of
computer time. Consequently, only the following sources
of background - identified as the most dangerous - are
considered and evaluated with reasonable statistics com-
bined with numerical calculations:
(i) One of the main background sources is related to the
low-energy tail in the distribution of the energy of
the primary hadronic beam. This tail is caused by
the beam interactions with a passive material, such
as the entrance windows of the beam lines, residual
gas, etc. Another source of low-energy hadrons is
due to their decays in flight in the beam line when
the low energy decay pions or muons mimic the sig-
nature Eq. (18) in the detector. The uncertainties
arising from the lack of knowledge of the dead ma-
terial composition in the beam line are potentially
the largest source of systematic uncertainty in ac-
curate calculations of the fraction and energy dis-
tribution of these events. An estimation shows that
the fraction of events with energy below . 10 GeV
in the hadron beam tuned, e.g., to 50 GeV could
be as large as 10−8 − 10−6. Hence, the sensitivity
of the experiment could be determined by the pres-
ence of such particles in the beam, unless one takes
special measures to suppress this background. To
improve the primary high-energy hadron selection
and suppress background from the possible admix-
ture of low-energy particles, one can use a tagging
system utilizing the magnetic spectrometer installed
upstream of the detector, as schematically shown in
Fig. 1.
(ii) The fake signature of Eq.(18) could also arise when
the K0 from the reaction (17) or a leading hadron,
h, from the reaction π+A→ h+ ... that occurred in
the target is not detected due to the incomplete her-
meticity of the HCAL. In this case, the producedK0
punches through the HCAL without depositing en-
ergy above a certain threshold Eth. This effect is il-
lustrated in Fig. 3(a), which shows the distribution
of energy deposited by K0s produced at 95 GeV,
in two consecutive HCAL modules (≃ 14λint). The
distribution is obtained with GEANT4 simulations
[33]. The peak of events at zero energy in the spec-
trum is caused by the punch-through neutral kaons.
Those events with a sum of energy released in two
HCAL modules below the threshold Eth ≃ 0.1 GeV
are considered as zero-energy events. In Fig. 3(b),
one can also see that a similar distribution of en-
ergy deposited by K0s in four consecutive HCAL
modules (≃ 28λint) has no such zero-energy events.
The punch-through probability is defined roughly
by ≃ exp(−LHCAL/λint), where LHCAL is the
HCAL thickness. It is ≃ 10−12 for the total thick-
ness of the HCAL about 28 λint. Since performing
detector simulations at this level of precision is not
possible, the rough estimate of the HCAL nonher-
meticity for high-energy hadrons was cross-checked
with GEANT4-based simulations in the following
way. The low-energy tail in the distribution of en-
ergy deposited in the full HCAL by ≃ 107 simulated
neutral kaons was fitted by a smooth polynomial
function and extrapolated to the low-energy region
in order to evaluate the number of events below a
certain threshold Eth, see Ref. [32] for more details.
This procedure results in an estimate of the HCAL
nonhermeticity, defined as the ratio of the number of
events below the threshold Eth to the total number
of incoming particles, (E < Eth)/ntot. For example,
for the energy threshold Eth ≃ 0.5 GeV the nonher-
meticity is found to be at the level ≃ 0.4 × 10−11,
which is in satisfactory agreement with the above
estimate when taking into account the accuracy of
this procedure. This results in an overall conserva-
tive level for this background of . 10−13 per inci-
dent beam kaon reaction in the target.
(iii) Another type of process which could mimic the tag-
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FIG. 3: Expected distributions of energy deposited by K0s with energy ≃ 95 GeV from the charge exchange reaction Eq.(17)
in two (a) and four (b) consecutive HCAL modules. The peak at zero energy in spectrum (a) is due to the punch-through
neutral kaons.
ging of the reaction π,K + p → M0 + n; M0 →
invisible and contribute to background is caused by
in-flight π,K → µ, e+ ν decays of pions and kaons
after they have passed the spectrometer. The back-
ground of the low-energy muon admixture in the
beam from the π,K → µν decays can be due to the
following event chain. The decay muon entering the
detector decays in flight into a low-energy electron
and a neutrino pair, µ → eνν in the target. The
electron then penetrates V1 and V2 without being
detected, and deposits all its energy in the HCAL,
which is below the threshold Eth . 0.5 GeV. The
probability for this event chain is found to be as
small as P . 10−13. Similar background caused by
the decays of the beam pions or kaons in the target
was also found to be negligible.
More dangerous are the in flight π,K → e+ν decays
resulting in decay electrons with energy . 1 GeV,
comparable with the energy deposited by the incom-
ing π,K in the target. To suppress this background
a 2-3 X0 preshower detector could be installed up-
stream of the target. The remaining part of this
background is related to the in flight π,K decays in
the target itself. The combined probability for such
decay is suppressed by the small branching fraction
of the decays Br(π(K)→ e+ν) < 10−4(10−5) down
to the level . 10−9(10−10). Further suppression of
this background could be achieved by using an ac-
tive target, which is segmented along the beam axis
with a separate readout of the signals. An addi-
tional suppression factor of 1 order of magnitude is
expected form the analysis of the energy deposited
in each segment, which should be comparable with
the energy deposited by the minimum ionizing par-
ticle (MIP).
(iv) The fake signature of Eq. (18) could be due to the
physical background: a muon scattering on a nu-
cleon, e.g. µ−p → νµn, accompanied by a poorly
detected neutron. Taking into account the corre-
sponding cross section and the probability for the
recoil neutron to escape detection in the HCAL
results in an overall level of this background of
. 10−14 per incoming kaon.
In Table I contributions from the all background pro-
cesses are summarized for the primary π− andK− beams
with energy 40 and 95 GeV, respectively. The total
background is found (conservatively) to be at the level
. 1.3×10−12(. 10−12) per incoming kaon (pion). There-
fore, the search accumulated up to ≃ 1012 π− or K−
events is expected to be background free. The expected
sensitivity in branching fractions is summarized below.
TABLE I: Expected contributions to the total level of back-
ground from different background sources estimated per inci-
dent pi− and K− (see text for details).
Source of background Expected level
punch-through K0s, . 10−13
leading hadron from pi reactions . 10−14
low-energy tail of the pi−,K− beam . 10−12
HCAL nonhermeticity . 10−13
pi−,K− → µ−ν decays in flight . 10−13
pi−(K−)→ e−ν decays in flight . 10−10(10−11)
µ− induced reactions . 10−14
Total (conservative) . 10−10 per pi−
. 10−11 per K−
7IV. EXPECTED SENSITIVITY
To estimate the sensitivity of the proposed experi-
ment a simplified feasibility study based on GEANT4 [33]
Monte Carlo simulations have been performed for 30-100
GeV pions and kaons. The ECAL is the hodoscope ar-
ray of the lead-scintillator counters of the Shashlyk type
counters (X0 ≃ 2 cm) (see, e.g. Ref.[34]), each with
the size of 36 × 36 × 400 mm3, allowing for accurate
measurements of the lateral energy leak from the tar-
get. The target is a block of radiation-hard plastic scin-
tillator with thickness ≃ 0.5λint viewed by a photomulti-
plier. The veto counters are assumed to be 1-2 cm thick,
high-sensitivity LYSO crystal arrays with a high light
yield of ≃ 103 photoelectrons per 1 MeV of deposited en-
ergy. It is also assumed that the veto’s inefficiency for the
MIP detection is, conservatively, . 10−4. The hadronic
calorimeter is a set of four modules. Each module is a
sandwich of alternating layers of iron and scintillator with
thicknesses of 25 mm and 4 mm, respectively, and with
a lateral size of 60 × 60 cm2. Each module consists of
48 such layers and has a total thickness of ≃ 7λint. The
number of photoelectrons produced by a MIP crossing
the module is in the range ≃ 150-200 ph.e.. In Fig. 2
the distribution of the energy deposited in the HCAL by
traversing muons with energy Eµ = 100 GeV is shown.
The width of the lhs of the muon peak is defined by the
fluctuations of the total number of collected photoelec-
trons nph.e. & 600 ph.e. with a rms ≃ 25 ph.e.. This
should be compared with the effective threshold ≃ 100
MeV, or ≃ 8 ph.e., for the zero-energy signal which is
represented by the distribution of the pedestal sum over
the HCAL and also shown for comparison. Thus, one
can see that the probability for an event with the MIP
energy deposited in the HCAL to mimic the signal due
to fluctuations of nph.e. is negligible.
The hadronic energy resolution of the HCAL calorime-
ters as a function of the beam energy is taken to be
σ
E
≃ 60%√
E
[35]. The energy threshold for the zero-energy
in the HCAL is 0.1 GeV. The reported further analysis
also takes into account passive materials from the DV
vessel walls. To estimate the expected sensitivities we
used simulations of the process shown in Fig.1 to calcu-
late fluxes and energy distributions of mesons produced
in the target by taking into account the relative normal-
ization of the yield of different meson species π0 : η : η′
and K0 from the original publications [36, 37]. The cross
section of K
0
production in the reaction (17) can be ex-
pressed as [36]
σ(K−p→ K
0
n)
dt
≃ (1−Gt)(exp[cρt] +R
2exp[cAt]
−2R[cosφ+ −GTcosφ−]exp[(cρ + cA)t/2] (20)
where t is the four-momentum transfer squared, G =
(33.5 ± 1.3) GeV−2, cρ = (15.5 ± 0.3) GeV−2, cA =
(8.8±0.1) GeV−2, R = 0.83±0.05, cosφ+ = −0.08±0.07,
and cosφ+ = 0.23 ± 0.02. This formula gives the para-
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FIG. 4: Expected distribution of the total energy deposited
by K0s with energy ≃ 95 GeV from the reaction (17)) in four
HCAL modules.
metric form of the charge-exchange cross sections for the
production of neutral kaons over the full phase space, up
to |t| & 0.3 GeV−2. For π0, η, η′ we performed similar cal-
culations by using the cross-section parametrization from
Ref.[37]. For the purpose of this work, the total π0, η, η′
and K0 production cross sections in the π,K− charge-
exchange reactions in the target were calculated from
thier linear extrapolation to the target atomic number.
Note, that the yield of π0, η, η′ andK0 is also supposed to
be measured in situ (see discussion below). Typically, the
branching fractions of the charge-exchange reactions are
in the range σ(K
−p→K0n)
σ(K−p→all) ≃
σ(pi−p→pi0n)
σ(pi−p→all) ≃ 10
−4 − 10−3
and depend on the beam energy [36, 37].
The calculated fluxes and energy distributions of
mesons produced in the target are used to predict the
number of signal events in the detector. For a given num-
ber of primary kaons NK− , the expected total number
of KS,L → invisible decays occurring within the decay
length L of the detector is given by
ninvK = n
inv
KS
+ ninvKL (21)
with
ninvKS,L = kNK−Br(KS,L → invisible)
·
∫
σ(K−p→K0n)
dt
[
1− exp
(
−
LM
K0
P
K0
τKS,L
)]
ζǫtagdt
≃ ζǫtagBr(KS,L → invisible)n
dec
KS,L
(22)
where coefficient k is a normalization factor that was
tuned to obtain the total cross section of the meson pro-
duction, PK0 and τK0 are theK
0 momentum and the life-
time of either KS or KL at rest, respectively, ζ is the sig-
nal reconstruction efficiency, ǫtag is the tagging efficiency
of the final state, and ndecKS,L is the total number of KS,L
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FIG. 5: Expected distribution of the diphoton invariant mass
from the reaction (19) in the hodoscopic ECAL, allowing ac-
curate measurements of the photon coordinates, for the in-
coming pion energy of 40 GeV. The spectrum is peaked at
the pi0- mass of ≃ 135 MeV.
decays occurring in the decay volume of length L. In this
estimate we neglect theK0 interactions in the target: the
average momentum of the incoming kaons is in the range
< pK− >≃ 30 − 100 GeV, the decay length L ≃ 10 m,
and the efficiency ζ ≃ 0.9. The tagging efficiency ǫtag is
typically & 90% [36–38]. The contributions from in flight
π,K → µ, e + ν decays which could mimic the tagging
is negligible. The inefficiency is caused mostly by the
inelastic reactions, such as the inelastic charge-exchange
reaction π− + p→ π0 +N∗0, with the subsequent isobar
decay N∗0 → n+π0, or the process π−+p→ π0+π0+n,
or the reaction π−+ p→ n′s+X , etc... All of these reac-
tions are accompanied in the final state by high-energy
secondary particles emitted in the forward direction that
are subsequently absorbed in the HCAL. Thus, the inef-
ficient tagging of the neutral meson final state would not
cause the missing energy background.
In the case of no signal observation, the obtained re-
sults can be used to impose upper limits on the previously
discussed decays of π0, η, η′,K0 into invisible final states;
by using the relation ninvK = n
inv
KS
+ ninvKL < n
inv
90%, where
ninv90% (= 2.3 events) is the 90% C.L. upper limit for the
number of signal events, and Eq. (22), one can determine
the expected 90% C.L. upper limits from the results of
the proposed experiment. These bounds - calculated for
the total number of 1012 incident pions or kaons and the
background-free case - are summarized in Table II. The
limits on Br(KS → invisible) and Br(KL → invisible)
are obtained assuming ninvKL = 0 and n
inv
KS
, respectively.
Here we also assume that the exposure to the π/K beam
with the nominal rate is a few months, and that the invis-
ible final states do not decay promptly into the ordinary
particles, which would deposit energy in the veto system
or HCAL.
As mentioned before, the yield of particles in the re-
actions (17) and (19) used for normalization and limit
calculations is supposed to be determined in separate
measurements with the same setup. In Fig. 4 an ex-
ample of the expected distribution of energy deposited
in the HCAL by neutral kaons from the reaction (17) is
shown. The distribution is obtained with simplified sim-
ulations of K− interactions in the target and calculated
for a beam energy of 95 GeV and decay length L ≃ 0.1 m.
In this case, the decay length of KS and KL is ≫ L and
kaons mainly interact in the HCAL before they decay.
The candidate events from the primary kaon interaction
in the target are selected using the conditions of Eq. (18),
but without the requirement of the absence of the energy
deposition in the HCAL. One can see that the K0 en-
ergy spectrum is peaked at maximal beam energy. The
distribution is almost background free, has a Gaussian
shape and allows one to determine the K0 yield with a
good accuracy. The values of ndecKS ,L entering Eq.(22) can
be easily determined by taking into account that the K0
is composed of equal portions of KS and KL of known
energies and lifetimes.
The yield of π0, η and η′ mesons from the π− charge-
exchange reaction in the target can also be determined
using similar measurements. In this case, in order to
improve the final-state identification, a small hodoscope
electromagnetic calorimeter that allows for the recon-
struction of two photons from the π0, η, η′ → γγ decays
can be used. The yield of the π0, η and η′ mesons can be
determined from the low background peaks in the pho-
ton pair mass spectrum corresponding to the masses of
the decay mesons. In Fig.5 the simulated reconstructed
distribution of diphoton invariant mass from the reaction
π− + p → π0 + n in the hodoscopic Shashlyk ECAL lo-
cated at a distance & 10 m from the target is shown for
illustration; see, also, e.g., Ref. [38]. Note that (differ-
ently from the kaon case) all π0, η and η′ mesons decay
primarily in the target due to their extremely short life-
times. The measured yield, corrected for the decay pho-
ton absorption in the target, directly gives the number
ndecpi0,η,η′ of π
0, η and η′ decays in the target which enter
an equation analogous to Eq.(22):
ninvpi0,η,η′ = kNpi−Br(π
0, η, η′ → invisible)
≃ ζǫtagBr(π
0, η, η′ → invisible)ndec
pi0,η,η′
. (23)
The statistical limit on the sensitivity of the pro-
posed experiment is mostly set by the number of ac-
cumulated events. However, there is a limitation fac-
tor related to the HCAL signal duration(τhcal ≃ 100 ns)
which results in a maximally allowed kaon counting rate
. 1/τHCAL ≃ 10
7K−/s above which a significant drop
of signal efficiency due to the pileup effect is expected.
To evade this limitation, one could implement a special
pileup-removal algorithm that allows for a high-efficiency
reconstruction of the zero-energy signal properties and
shape in high-pileup environments, and then run the ex-
9TABLE II: Expected upper limits on the branching ratios of
different decays into invisible final states calculated for the
total number of 1012 incident pions or kaons( see text for
details).
Expected limits on Present limit
the branching ratio
Br(KS → invisible) . 10
−8 no
Br(KL → invisible) . 10
−6 no
Br(pi0 → invisible) . 10−8 < 2.7 × 10−7[2]
Br(η → invisible) . 10−7 < 1.0× 10−4 [3]a
Br(η′ → invisible) . 10−6 < 5.2× 10−4[3]a
aThese limits are given in Ref.[3] for the values Γ(η(η
′)→invisible)
Γ(η(η′)→γγ)
and are re-calculated for the ratios Br(η(η′) → invisible) =
Γ(η(η′)→invisible)
Γ(η(η′)→all)
, respectively.
periment at the rate ≃ 1/τHCAL ≃ 10
7 K−/s. Thus in
the background-free experiment one could potentially ex-
pect sensitivities in the M0 → invisible decay branching
ratio that are even higher then those presented in Table
II, assuming that the exposure to the high-intensity kaon
beam is a few months.
In the case of the M0 → invisible signal observation,
several methods could be used to cross-check the result.
For instance, to test whether the signal is due to the
HCAL nonhermeticity or not, one could perform mea-
surements with different HCAL thicknesses, i.e. with
one, two, three, and four consecutive HCAL modules.
In this case the expected background level could be ob-
tained by extrapolating the results to an infinite HCAL
thickness. The evaluation of the signal and background
could also be obtained from the results of measurements
at different beam energies.
An interesting hypothetical question related to the
test of the Bell-Steinberger relation is (if the signal is
observed) whether it would it be possible in to test the
CP violation in the invisible decays. It it clear that
checking it directly (as in the case of the CP violating
decay KL → ππ) would be difficult because the final
state is assumed to be unobservable. However, one can
perform measurements to see if there is any variation of
the zero-energy signal for different lengths of the decay
volume. For example, to cross-check whether the signal
is mostly from the KS or KL decay, one could remove
the decay volume DV and put the HCAL calorimeter
behind the veto system. This would not affect the main
background sources and still allow for the production of
KSs , but KL decays in front of the HCAL would be
suppressed. For measurements with large L in order to
ensure that there is no additional background due to
the variation of the HCAL hermeticity, e.g. due to the
large transverse fluctuation of the hadronic final state,
or due to an unexpected (yet unknown) t-dependence of
the charge-exchange reactions at large t the transverse
HCAL size should be large enough. Finally, we note
that the presented analysis gives an illustrative order of
magnitude for the sensitivity of the proposed experiment
and may be strengthened by more detailed simulations
of the experimental setup.
V. CONCLUSION
Due to their specific properties, neutral kaons are still
one of the most interesting probes of physics beyond the
standard model from both theoretical and experimental
viewpoints. The Bell-Steinberger relation remains the
most sensitive probe of CPT invariance in the K0 −K
0
system. It connects CP and CPT violation in the mass
matrix of the kaon system to CP and CPT violation in
all decay channels of neutral kaons, assuming that there
are no significant undiscovered decay modes of either KS
or KL, such as decays into invisible final states.
In this work we proposed performing an experiment
dedicated to the sensitive search for the still unexplored
invisible decays of neutral kaons, KS ,KL → invisible by
using available 30-100 GeV kaon beams from the CERN
SPS. One of the goals of the proposed search is to clar-
ify the question of how much these decays can influ-
ence the Bell-Steinberger analysis of the K0 − K
0
sys-
tem. The experiment is also capable of searching for
π0, η, η′ → invisible decays with the SPS pion beams.
If the M0 → invisible decays exist, they could be ob-
served by looking for events with a unique signature:
the total disappearance of the beam energy in afully
hermetic hadronic calorimeter. A feasibility study of
the experimental setup shows that this unique signal of
M0 → invisible decays allows for searches of KS,KL →
invisible decays with a sensitivity in the branching ratio
Br(KS(KL) → invisible) . 10
−8(10−6), and π0, η, η′ →
invisible decays with a sensitivity a few orders of magni-
tude beyond the present experimental limits. The sensi-
tivitiues in the branching ratios Br(KS,KL → invisible)
are significantly higher compared to the branching ra-
tios of the KS,KL decay modes which contribute to the
present accuracy of the Bell-Steinberger analysis [23].
These results could be obtained with a detector that is
optimized for several of properties, namely, i) the inten-
sity and purity of the primary pion and kaon beams, ii)
high-efficiency veto counters, and iii) a high level of her-
meticity in the hadronic calorimeter are of importance.
Large amounts of high-energy hadrons and high back-
ground suppression are crucial to improving the sensitiv-
ity of the search. To obtain the best limits, a compromise
should be found between the background level and the
energy and intensity of the beam.
The proposed experiment is complementary to the one
recently proposed for a sensitive search for dark photons
decaying invisibly to dark-sector particles at the CERN
SPS [31, 32]. It also provides interesting motivations for
further kaon studies and fits well with the present kaon
physics program at CERN (see, e.g., Ref.[39]).
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